Introduction
Transforming growth factor ␣ (TGF␣) and related proteins are ligands for the epidermal growth factor receptor (EGFR) in metazoans ranging from Drosophila and C. elegans to mammals, and they activate a signaling pathway that affects numerous cell fate decisions. Aberrant EGFR activation or expression is involved in cell transformation, tumor progression and metastasis of cells from neuroectodermal origin and has been implicated in the initiation and progression of human cancer (Derynck, 1992; Lee et al., 1995; Schlessinger, 2002) . Although the signaling events initiated by EGFR activation are well described, further insight into the mechanisms of ligand processing, transport and secretion is essential to understand the regulation and deregulation of ligand-induced EGFR signaling in normal development and cancer.
TGF␣ family proteins, including Spitz and Gurken (Grk) in Drosophila, are made as type I transmembrane proteins with an extracellular six-cysteine containing EGF core domain. This EGF domain is essential for receptor binding and activation. Proteolytic shedding removes the ectodomain to generate soluble ligand. Thus, TGF␣ proteins function both as transmembrane ligands and as soluble ligands that can act at a distance (Derynck, 1992; Massague and Pandiella, 1993) . In mammalian cells, TGF␣ undergoes processing and maturation during its transport through the secretory pathway. Following synthesis and removal of the signal peptide, the 20 kDa immature TGF␣ form is transported from the endoplasmic reticulum (ER) to the Golgi, most likely via COPII-mediated vesicular transport. Concomitantly, TGF␣ is glycosylated, resulting in a heterogeneous population in the 30 kDa range, as determined by SDS-PAGE, a reflection of the inherent heterogeneity of N-glycosylation (Bringman et al., 1987; Fan and Derynck, 1999) . Regulated proteolytic cleavage targets the TGF␣ ectodomain, thereby releasing the N-glycosylated prosequence and generating a 15 kDa transmembrane TGF␣ form and soluble TGF␣ ligand that contains the EGF core domain (Brachmann et al., 1989; Massague and Pandiella, 1993) . The generation of soluble TGF␣ is activated by MAP kinase pathways and is, in the case of growth factor-or phorbol ester (PMA)-induced shedding, mediated by the metalloprotease tumor necrosis factor ␣ converting enzyme (TACE) (Fan and Derynck, 1999; Sunnarborg et al., 2002) . Ectodomain shedding is generally upregulated in tumor cells (Derynck, 1992) , probably as a consequence of enhanced MAP kinase signaling (Fan and Derynck, 1999) . The mechanisms that regulate TGF␣ transport from the ER to the Golgi, and from the Golgi to the plasma membrane, as well as the processing of the ligand by ectodomain shedding, are not well defined.
In addition to its role in cell proliferation, ligand-activated EGFR signaling is involved in cell differentiation and development (Shilo, 2005) . The role of EGFR signaling in development has been best defined in model systems such as Drosophila (Perrimon and Perkins, 1997; Ray and Schupbach, 1996; Schweitzer et al., 1995) and C. elegans (Hopper et al., 2000) . The genetic accessibility of Drosophila has allowed the identification of ligands that activate EGFR, as well as proteins that are required for presentation of the ligands to the receptor (Neuman-Silberberg and Schupbach, 1996; Tsruya et al., 2002; . One EGFR ligand in Drosophila is Grk, which is processed to release soluble Grk, similar to TGF␣ and other TGF␣ family proteins. Ligand-induced EGFR activation by Grk requires three other proteins that play key roles in transport and maturation, Cornichon (Cni) (Bokel et al., 2006; Roth et al., 1995) , Rhomboid (Guichard et al., 2000; and Star . Mutations in Cni confer developmental phenotypes that resemble those caused by inactivation of the genes encoding Grk or EGFR .
Cni is a 16 kDa protein with three transmembrane domains. A Cni homolog in yeast, called Erv14, is required for axial budding of daughter cells and has been proposed to serve as a cargo receptor, based on its requirement for transport of Axl2 to the site of bud selection (Powers and Barlowe, 1998) . This requirement, together with the localization of Erv14 to the ER and its ability to interact in vitro with COPII, led to the proposal that Erv14 is a component of COPII-coated vesicles that mediate cargo export from the ER (Powers and Barlowe, 2002) . The idea that Cni may have a similar function in transporting Grk in Drosophila is supported by the recently reported interaction of a segment of Grk with Cni in vitro and the requirement for Cni in Grk-induced EGFR activation in Drosophila oocyte development (Bokel et al., 2006) . There have been no reports that homologs of Cni, Rhomboid or Star are involved in the transport and processing of vertebrate TGF␣ family proteins.
We now provide evidence that cornichon proteins have similar functions in mammalian and Drosophila cells, consistent with their structural conservation. Specifically, we focused on the regulatory role of cornichon proteins during transport and processing of EGFR ligands. Our findings indicate that cornichon proteins are functionally conserved in yeast, Drosophila and mammalian cells. Furthermore, we show that in metazoans cornichon proteins have a similar subcellular localization and regulate transport of TGF␣ family ligands.
Results

Cornichon is evolutionarily conserved
A full-length human cornichon [CNIH; cornichon homolog (Drosophila)] cDNA was obtained by PCR using the Drosophila Cni cDNA (NM_165151) sequence for primer design. The cloned sequence corresponds to the 144-amino acid cornichon-like isoform 1, TGAM7 (Utku et al., 1999) . Four CNIH sequences have been reported in GenBank (cornichon-like isoform 1, accession number NP_005767; cornichon homolog 2, accession number NP_872359; cornichon homolog 3, accession number NP_689708; cornichon homolog 4, accession number NP_054903). These four paralogs share substantial identity throughout their entire polypeptide sequence (Fig. 1A) .
Comparison of the CNIH sequence to orthologs in mouse, Drosophila and yeast ( Fig. 1B ; data not shown) reveals substantial sequence conservation, suggesting a potentially conserved role in function. Erv14, Cni and CNIH proteins have three predicted transmembrane segments, indicative of a multimembrane spanning topology (Powers and Barlowe, 2002) . The loop between the first and second transmembrane domains contains three acidic residues that are conserved in all cornichon proteins. As proposed for Erv14 (Powers and Barlowe, 2002) , this loop is expected to face the lumen of the ER, whereas the segment between the second and third transmembrane regions would be exposed to the cytosol.
Subcellular localization of cornichon proteins
The sequence conservation of mammalian CNIH and Drosophila Cni, in comparison with yeast Erv14, raises the question of whether all three proteins have a similar subcellular localization. In yeast, Erv14 localizes to the ER and Golgi structures (Powers and Barlowe, 1998) , whereas in Drosophila, Cni localizes primarily to the ER (Bokel et al., 2006) . We determined the subcellular localization of tagged CNIH and Cni in human HeLa and Drosophila S2 cells, respectively (Fig. 2) . In HeLa cells, CNIH was shown by immunofluorescence to localize to the perinuclear region in a diffuse reticular pattern, characteristic of the ER and coincident with staining for calnexin, a marker of the ER ( Fig. 2A) . CNIH can also be seen to localize to discrete punctae, some of which colocalize with calnexin. The immunofluorescence for tagged CNIH showed partial overlap with GM130, a Golgi marker (Fig. 2B) , indicating localization of CNIH in the Golgi. The staining for both calnexin and GM130 was similar in non-transfected cells and cells expressing CNIH. CNIH also colocalized partially with endogenous SEC23, a component of the COPII vesicle coat complex that localizes to ER exit sites, in HeLa cells (Fig.  2E ). Identical localization was observed independent of whether the proteins were Myc-, Flag-or HA-tagged (data not shown). We also determined the subcellular localization of endogenous CNIH in HeLa cells. We raised an antiserum to the conserved peptide from amino acid 32-46 of CNIH ( Fig. 1 ) and used it to detect CNIH in HeLa cells, which express CNIH as determined by RT-PCR (data not shown). The staining for endogenous CNIH (Fig. 2C ) was similar to that of HA-tagged CNIH in transfected cells, albeit with lower intensity (Fig. 2A) .
In S2 cells, tagged Cni showed a similar perinuclear and reticular cytoplasmic staining (Fig. 2F ) as in HeLa cells ( Fig.  2A-E) . The staining of Cni showed significant overlap with that of KDEL-GFP, which localizes to the ER (Fig. 2F) . The localization of Cni-Myc overlapped partially with that of the Golgi marker p120 (Fig. 2G) . No CNIH or Cni staining was detected at the cell surface in either HeLa or S2 cells (Fig. 2 , data not shown).
To more precisely define the subcellular localization of Cni, we performed immunoelectron microscopy on Cni-Mycexpressing S2 cells. The anti-Myc staining was specific, with 91% of the membrane-associated immunostaining associated with the ER (Fig. 2I , arrowheads, and Table 1 ). Double labeling was performed using an antibody against Sec23 (also known as dSec23p), the Drosophila homolog of SEC23, which localizes to ER exit sites (Kondylis and Rabouille, 2003) . Approximately a quarter (26%) of the labeled Cni-Myc colocalized with Sec23 (Fig. 2J ), indicating that a fraction of Cni is in the transitional ER (Fig. 2J) . The labeling density for Cni was much higher at the exit sites than in the surrounding cytosol. A small fraction of Cni, 9% of the membraneassociated labeling, was detected in Golgi stacks (data not shown), consistent with the immunofluorescence localization (Fig. 2G ).
CNIH expression rescues the budding phenotype of yeast lacking Erv14
To evaluate a functional conservation of cornichon among diverse organisms, we examined whether CNIH, which is phylogenetically more distant from yeast Erv14 than Cni, could rescue the altered budding pattern observed in yeast with a null allele at the Erv14 locus, the erv14⌬ strain (Powers and Barlowe, 1998) . In contrast to the typical axial budding pattern of an isogenic wild-type strain, haploid erv14⌬ yeast cells showed non-axial budding, as reported (Powers and Barlowe, 1998) . Transformation of erv14⌬ cells with Erv14 or HAtagged Erv14 rescued the axial budding phenotype with high efficiency, as expected (Powers and Barlowe, 1998) . Remarkably, CNIH-HA rescued the non-axial budding phenotype with 76% efficiency, compared with 79% for Erv14-HA (Table 2 ). This result indicates a functional conservation of CNIH and Erv14. Since axial budding is achieved by proper transit of Axl2 through the secretory pathway (Powers and Barlowe, 1998) , these results strongly suggest that CNIH is Journal of Cell Science 120 (14) able to load Axl2 into COPII vesicles at the exit from the ER and, thus, functions as a cargo receptor similar to Erv14.
Cornichon colocalizes and physically interacts with TGF␣ family proteins
The genetic and functional association of Erv14 with Axl2 in yeast (Powers and Barlowe, 1998) , and Cni with Grk in Drosophila , prompted us to examine whether cornichon proteins physically associate with TGF␣ family proteins. Immunofluorescence revealed colocalization of TGF␣ with CNIH in transfected HeLa cells at sites where CNIH is normally present, i.e. in the ER and Golgi (Fig.  2D) . Similarly, we observed colocalization of Grk with Cni in S2 cells (Fig. 2H) , suggesting that both proteins interact during ligand transport and processing.
The colocalization of cornichon proteins with TGF␣ family proteins prompted us to examine their physical association by coimmunoprecipitation from HeLa cell extracts (Fig. 3) . Among the three TGF␣ forms, the immature 20 kDa TGF␣ form (form 1), which has its prosegment but lacks full Nglycosylation, interacted most efficiently with CNIH-Myc (Fig. 3A, lane 4) . However, the larger form of transmembrane TGF␣ (form 2), which is fully N-glycosylated in the Golgi (Bringman et al., 1987) , did not co-precipitate. The preferential interaction of CNIH with immature TGF␣ is consistent with their colocalization in the ER. No interaction was detected when extracts of cells expressing TGF␣ were mixed with those of CNIH-Myc-expressing cells and subjected to coimmunoprecipitation (Fig. 3A , lane 5). In addition, the transferrin receptor, SEC61␤ and EGF receptor did not coprecipitate with CNIH ( Fig. 3A ; data not shown). However, CNIH did interact with another member of the TGF␣ family, amphiregulin (AR). Notably, CNIH interacted specifically with the form of AR that was shown to be the immature precursor ( Fig. 3B lanes 3 ) (Brown et al., 1998) . Furthermore, increasing CNIH expression enhanced the relative levels of immature transmembrane TGF␣ and AR (Fig. 3A,B ), suggesting that CNIH may help retain TGF␣ family proteins in their immature forms. Since the structural *Log phase cells with four or more bud scares were evaluated for non-axial budding patterns. Cells that display one or more bud scars at opposite poles were scored as non-axial. similarity of transmembrane TGF␣ and AR is confined to their EGF core domains, these data suggest that CNIH interacts with TGF␣ family proteins that are characterized by an EGF core sequence. We also examined whether CniMyc coimmunoprecipitated with Grk in lysates from transfected S2 cells. This interaction, consistent with the in vitro data of Bokel et al. (Bokel et al., 2006) , was more difficult to detect in comparison with the CNIH-TGF␣ interaction. This may be due to differences in antibody interactions or might suggest that Cni and Grk interact only weakly (Fig. 3C , lane 4).
We next evaluated which TGF␣ segments interact with CNIH ( Fig. 3D) . Deletion of the cytoplasmic domain of transmembrane TGF␣ (TGF␣⌬C) did not prevent the association with CNIH. It should be noted that the ⌬C mutation itself impairs processing of TGF␣ , resulting in accumulation of immature TGF␣, as seen in the immunoblot of the lysate. By contrast, replacement of the 50-amino acid EGF core in the ectodomain with an unrelated Myc epitope tag sequence (TGF␣⌬E) abolished the interaction (Fig. 3D , compare lane 7 with lanes 3 and 5, upper panel). We conclude that the EGF core of transmembrane TGF␣, and presumably of other TGF␣ family proteins, is required for association with CNIH.
CNIH interacts with components of the secretory pathway In the course of our analyses, we found that CNIH coprecipitated with GM130, a cis-Golgi marker implicated in vesicle and protein transport from the ER to the cis-Golgi (Fig.  4A, lane 4) . CNIH co-precipitated with GRASP55, localized in the cis/medial Golgi protein, but only in the presence of Journal of Cell Science 120 (14) coexpressed TGF␣ (Fig. 4B, compare lanes 3 and 4) . GRASP55 interacts with the cytoplasmic domain of TGF␣ and regulates its transport through the Golgi . We did not find any difference in the association of TGF␣ and GRASP55 when CNIH was overexpressed (Fig. 4B, lanes 2 and 3) . These results are consistent with the partial localization of CNIH to the Golgi and the hypothesis that CNIH cycles between the ER and Golgi. Our results also suggest the formation of multiprotein complexes that contain CNIH, GRASP55 and transmembrane TGF␣, presumably in the Golgi. Myc-tagged CNIH subjected to immunoprecipitation with anti-Myc, and immunoblotting with indicated antisera. Right: total cell lysates subjected to immunoblotting. TGF␣ co-precitated with CNIH-Myc only when coexpressed and not when separately expressed and cell lysates were mixed (lane 5). CNIH did not interact with SEC61␤ (Sec61␤), an ER resident protein, or transferrin receptor (Tf-R). (B) CNIH interacts with amphiregulin (AR). Left: lysates of HeLa cells expressing Myc-tagged AR and/or Flag-tagged CNIH, subjected to immunoprecipitation with anti-Flag, and immunoblotting with anti-Myc. Right: total cell lysates subjected to immunoblotting to detect AR. Immature AR is marked. (C) Drosophila Cni interacts with Grk. S2 cells were transfected or not transfected to express Myc-tagged dCni (dCni-Myc) and treated or not with dsRNAi targeting dCni. Lysates were processed for Grk immunoprecipitation and immunoblotting with anti-Myc or anti-Grk antibodies. dCni-Myc co-precipitated with Grk, only when Grk and dCni-Myc were coexpressed in the absence of dsRNAi targeting Cni. dsRNAi targeting Cni did not affect Grk expression. (D) The EGF core of transmembrane TGF␣ is required for interaction with CNIH. HeLa cells were transfected to express HA-tagged CNIH and full-length TGF␣, TGF␣⌬C or TGF␣⌬E. Cell lysates were subjected to anti-HA immunoprecipitation, and immunoblotting to detect CNIH-associated TGF␣. TGF␣ and TGF␣⌬C were detected using an anti-TGF␣ antibody Ab-1, and TGF␣⌬E was detected using anti-Myc. Lysates of non-transfected cells served as controls. Dividing vertical white lines indicate parts from the same gel (A,D). Regulatory role of cornichon proteins Effect of CNIH on TGF␣ processing and transport Since CNIH and TGF␣ interact and are localized to similar subcellular compartments, we evaluated the effect of increased CNIH expression on TGF␣ processing, transport and secretion (Fig. 5) . Expression of CNIH, even at low levels, decreased the levels of the mature TGF␣ forms (form 2 and 3) and enhanced the level of immature 20 kDa TGF␣ (form 1; Fig. 5A , top panels). Coimmunoprecipitation of increasing levels of immature TGF␣ with CNIH (Fig. 5A, bottom panels) was also apparent. Increased CNIH expression also enhanced the level of immature endogenous TGF␣ in HCA-7 epithelial cells (Fig. 5B) . Further, in CHO cells stably expressing TGF␣, ectopic CNIH expression increased the amount of TGF␣ at sites were CNIH is localized, indicative of an accumulation of immature TGF␣ in the ER. Costaining with GM130 shows TGF␣ primarily localized to the Golgi in cells that do not ectopically express CNIH, but enhanced retention of TGF␣ in the ER in cells with ectopic CNIH expression (Fig. 5C ). Semi-quantitative image analysis of the immunostaining indicated a threefold increase in intracellular accumulation of TGF␣ in CNIH cotransfected cells (Fig. 5D) . Importantly, the accumulated immature TGF␣ colocalized with CNIH (Fig. 5C ). Ectopic expression of Cni also increased the relative level of immature TGF␣ in mammalian cells (data not shown), suggesting that CNIH and Cni function similarly in TGF␣ processing and transport.
We next attempted to define which region of CNIH was responsible for this effect on TGF␣ processing. Among several CNIH deletion mutants (data not shown), only the CD1 mutant did not enhance the level of immature TGF␣ relative to the other two TGF␣ forms (Fig. 5E, compare lanes 2 and  3) . The CD1 mutant has a 20-amino acid Cterminal deletion of the third transmembrane region, but remarkably runs with the same mobility as full-size CNIH in SDS-PAGE. In addition, CD1 interacted more strongly with immature TGF␣ than full-size CNIH. This result indicates that the C-terminal segment of CNIH is required for retention of transmembrane TGF␣ in its immature form, and that the efficiency of CNIH association with TGF␣ does not strictly correlate with retention.
Effect of CNIH on cell surface expression and secretion of TGF␣ The retention of immature TGF␣ in the ER with increased CNIH expression would be expected to result in a decrease in the level of mature TGF␣ that reaches the cell surface. To test this, we examined the surface level of TGF␣ in the presence of CNIH. When CNIH was ectopically expressed, the level of TGF␣ labeled by cell surface biotinylation was decreased with a concomitant increase in the relative level of immature TGF␣ in the cell lysate (Fig. 6A, compare lanes 1 and 2) . CNIH did not affect the cell surface expression of gp130, a transmembrane protein that does not associate with CNIH ( Fig.  6B ; data not shown).
Consistent with the retention of TGF␣ in its immature form and the decrease in cell surface presentation of TGF␣, increased CNIH expression decreased the secretion of soluble TGF␣. TGF␣ release occurs as a result of ectodomain shedding from transmembrane TGF␣ following cleavage by membrane-bound metalloproteases. This release results from the activity of the metalloprotease TACE and involves activation of the p38 and/or Erk MAP kinase pathways (Fan , with or without TGF␣ or Myc-tagged CNIH, were subjected to anti-Flag immunoprecipitation, followed by immunoblotting for TGF␣ or Myc-CNIH. GRASP55 immunoprecipitated with CNIH in the presence of TGF␣, but not in its absence. *Bands corresponding to a remaining GRASP55 immunoblot signal prior to tubulin immunoblotting. All samples were prepared and loaded in duplicate. and Derynck, 1999; Sunnarborg et al., 2002) . TGF␣ release was quantified by expressing transmembrane TGF␣ that is extracellularly fused to alkaline phosphatase (AP-TGF␣), thus allowing the use of an enzymatic assay to measure soluble AP-TGF␣ . When CNIH was coexpressed with AP-TGF␣, the level of soluble AP-TGF␣ in the medium was reduced by approximately 50% (Fig. 6C) . A comparable effect of CNIH on ectodomain shedding was observed with AR, similarly tagged with AP (data not shown). These results indicate that the interaction of CNIH with transmembrane TGF␣ family proteins decreases maturation, cell surface presentation and secretion through ectodomain shedding of these EGFR ligands.
PMA activates ectodomain shedding and, accordingly, enhanced the level of AP-TGF␣ in the medium. PMA also
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enhanced the level of released AP-TGF␣ in the presence of CNIH, and the relative induction of shedding was similar in the absence or presence of CNIH (Fig. 6C) . Similar results were obtained when shedding of AP-fused AR was induced with PMA (data not shown). Moreover, the subcellular distribution of the metalloprotease TACE was unaffected by ectopic CNIH expression (Fig. 6D) . Therefore, we conclude that CNIH expression does not affect ectodomain shedding per se.
We also compared the level of N-glycosylation of TGF␣ in the presence of CNIH. Treatment of TGF␣ with N-glycosidase F, which removes N-linked glycosylation proximal to Asn, increased the gel mobility of the TGF␣ bands (Fig. 6E, lane 2 consistent with our previous data, and thereby decreased the generation of TGF␣ forms previously shown to have complex N-glycosylation (form 2) (Bringman et al., 1987) . The immature form of TGF␣ in the presence of CNIH was susceptible to N-glycosidase F, as was TGF␣ expressed in the absence of CNIH (Fig. 6E) . These data indicate that CNIH does not affect the early N-glycosylation steps and are consistent with retention of TGF␣ in the ER.
Effect of overexpressed Cni on Grk processing
Similar to our experiments in mammalian cells to examine the effect of CNIH on TGF␣ processing, we assessed the effect of Cni on transport, processing and secretion of Grk in Drosophila S2 cells. Grk processing requires two additional transmembrane proteins, the rhomboid protease B-Rho (also known as stem cell tumor), which cleaves Grk inside the membrane, and Star, a transmembrane protein required for transport of Grk from the ER to the Golgi and for its secretion.
S2 cells express endogenous Cni, B-Rho and Star, as assessed by RT-PCR (data not shown). However, the endogenous levels of B-Rho and Star appear insufficient for processing and secretion of ectopically expressed Grk, as detected by immunoblotting. Consistent with published data , coexpression of Star and B-Rho resulted in processing of the 49 kDa Grk into a cleavage product of 40 kDa (processed Gurken; pGrk) and secretion of this Grk form into the medium (Fig. 7A) . This result supports the proposed role of Star as a cargo receptor in transport and of B-Rho in cleavage of Grk Guichard et al., 2000; . Processing of both the untagged and the larger Myc-tagged Grk was dependent on coexpression of B-Rho and Star ( Fig. 7A,B ; data not shown) .
Next, we studied the effect of Cni expression on the processing of Grk. In the presence of Star and B-Rho, increased Cni levels resulted in reduced levels of processed Grk and increased levels of non-cleaved Grk (Fig. 7B, compare lanes 4  and 3, top panel) . These results indicate that, similar to the effect of CNIH on TGF␣ processing in mammalian cells, ectopic Cni causes an accumulation of transmembrane Grk in its non- processed form, thereby probably preventing B-Rho-mediated cleavage in the ER (see also in Discussion).
Effect of siRNA-mediated downregulation of Cni expression on Grk processing
To complement the CNIH overexpression experiments, we also examined the effect of CNIH-specific siRNAs on the processing of transmembrane TGF␣ in mammalian cells. Although we observed a decrease of CNIH mRNA in cells transfected with CNIH siRNA (data not shown), we were unable to verify whether the corresponding CNIH protein level was decreased because of the limited antibody quality. In spite of substantial effort, we were ultimately unable to devise a successful strategy Journal of Cell Science 120 (14) to knock down the expression of all four mammalian cornichon homologs. This lack of success relates to the difficulty in targeting the expression of four closely related gene products that likely exhibit functional redundancy, and in assessing the downregulation of all four cornichon homologs using antibodies against CNIH that presumably crossreact with the other cornichon proteins. Additionally, no successful approach based on dominant-negative interference could be developed using any cornichon deletion mutant (data not shown).
However, we were successful in evaluating the effect of silencing Cni expression in S2 cells, which have only one Cni gene. In S2 cells, as in mammalian cells, Cni and CNIH behaved similarly in retaining EGFR ligands in their immature forms (see above). Using dsRNA silencing, we effectively reduced the level of Cni mRNA, as determined by RT-PCR (Fig. 7C) . Silencing of Cni expression in the presence of BRho and Star resulted in increased levels of processed Grk (pGrk), and a reduction of the immature Grk form in the cell lysate (Fig. 7C, lanes 4-6, upper panel) . This intracellular accumulation of pGrk is consistent with the increased levels of processed Grk in Drosophila oocytes lacking Cni (Bokel et al., 2006) and of Axl2 in Erv14-deficient yeast (Powers and Barlowe, 1998) . This effect was not evident when Grk was expressed without B-Rho and Star (data not shown).
Role of Cni in the secretion of soluble Grk
To further evaluate the participation of Cni in Grk transport, we studied the effects of both increased Cni levels and Cni silencing on the secretion of soluble Grk into the medium. These effects were evaluated in cells ectopically expressing B-Rho and Star, since they are required for Grk processing (Fig. 7A,B ) . Silencing of Cni by dsRNA decreased the level of secreted Grk, but with concomitant accumulation of processed Grk (Fig. 7C , compare lanes 4 and 5, middle panel). The absence of Cni does not appear to affect the stability of Grk or processed Grk, as there was no difference in the levels of either form when S2 cells were treated with a lysosome inhibitor (Fig. 7C , compare lane 4 with 5 and 6). Further, the absence of Cni does not appear to alter the general secretory pathway, since dsRNA silencing of Cni did not affect the secretion of soluble GFP (Fig. 7E) . These results suggest that the level of Cni impacts the processing and the secretion of Grk.
Effect of siRNA-mediated downregulation of Star on Grk secretion Star has been proposed to function as a scaffold required for transport of Grk from the ER into the Golgi and for subsequent secretion . Analogous to the role of Star, Cni appears to regulate the export of TGF␣ proteins, or of Axl2 in yeast, from the ER into the Golgi. This analogy raises the question of the relative roles and significance of Star vis-à-vis Cni. As shown using S2 cells (Fig. 7D) , both B-Rho and Star are required for processing of Grk and secretion of soluble Grk. Inhibition of Star expression using dsRNA significantly reduced Grk secretion (Fig. 7D, lanes 3 and 4,  bottom panel) . Overexpression of Cni did not rescue the effect of Star-specific dsRNA on Grk processing and secretion (Fig.  7D, lane 6) . Thus, even though the silencing of Star had a similar inhibitory effect on secretion of soluble Grk, both Star and Cni are required for secretion of soluble Grk into the medium.
Discussion
Cornichon was originally identified in Drosophila, as inactivation of the gene results in a lack of Grk activity and inability of Grk to stimulate the EGFR . While this manuscript was in preparation, it was proposed that Cni acts as a cargo receptor for Grk in the ER (Bokel et al., 2006) . The Cni-related Erv14 in S. cerevisiae has been localized to the ER and is required for polarized transport of Axl2 and bud site selection (Powers and Barlowe, 1998; Powers and Barlowe, 2002) . Recently, four genes for Cnirelated proteins were identified in vertebrates, indicating the existence of a small family of Cni-related proteins in eukaryotes. No functional studies on vertebrate cornichon proteins have been reported. We have evaluated in parallel the function of Drosophila and human cornichon. Our results characterize a role for cornichon proteins in transport and maturation of TGF␣ family proteins and reveal functional conservation from yeast to mammalian cells.
The NCBI database indicates the existence of four mammalian cornichon paralogs, with the one cloned and characterized in this report corresponding to human CNIH. Human CNIH, CNIH2 and CNIH3 share substantial sequence identity, whereas CNIH4 is divergent. Comparison of the sequences of human CNIH, Drosophila Cni and yeast Erv14 reveals a conservation of the predicted three-transmembrane topology and sequence conservation that is highest in the loop between the first and second transmembrane domains and in the third transmembrane region (Powers and Barlowe, 2002) .
We examined the subcellular localization of Cni and CNIH. In yeast, Erv14 is localized to the ER and participates in the formation of COPII vesicles through binding to COPII coat subunits (Powers and Barlowe, 2002) . Consistent with the localization of Erv14 in yeast, Drosophila Cni was recently proposed to localize to the ER of follicular cells (Bokel et al., 2006) . We now show by immunofluorescence and electron microscopy that Cni and CNIH are both localized to the ER and cis-Golgi, in S2 and HeLa cells, respectively. Cni colocalized with the ER markers KDEL-GFP in S2 cells and CNIH with calnexin in HeLa cells. Additionally, from immunofluorescence studies Cni was found to colocalized with p120 in S2 cells and CNIH with GM130 in HeLa cells, both markers of Golgi. In HeLa cells, CNIH also partially colocalized with SEC23, a component of the COPII vesicle coat complex that localizes to ER exit sites. CNIH coimmunoprecipitated with GM130 and TGF␣-bound GRASP55, both of which are localized in the Golgi. These results suggest that the Drosophila and human cornichon proteins cycle between the ER and the Golgi. The similar localization of Erv14, Cni and CNIH to the ER of yeast, Drosophila and human cells, respectively, suggests an analogous role for cornichon in these organisms.
Further evidence for a conservation of cornichon function from yeast to mammalian cells was provided by functional rescue experiments in yeast. We found that CNIH expression rescued the bud site selection phenotype in Erv14-deficient cells with similar efficiency as Erv14 itself.
Cni and CNIH both associated with TGF␣ family proteins, but not with several other transmembrane proteins, such as the transferrin or EGF receptors. Thus, Cni interacted with Grk in S2 cells, whereas CNIH interacted with TGF␣ and amphiregulin in HeLa cells. Specifically, Cni and CNIH interacted primarily with the immature forms of TGF␣ family proteins thought to localize to the ER, and much less efficiently with the fully glycosylated or mature processed ligands. We also demonstrate that Cni and CNIH colocalize with Grk and TGF␣, respectively, in the ER and cis-Golgi.
It has been shown, using recombinant proteins, that the Nterminal segment of Cni can interact with a segment of Grk (Bokel et al., 2006) . Our results extend this observation through mutation and coimmunoprecipitation analyses using lysates from mammalian and Drosophila cells. We identified the EGF core, conserved in TGF␣ and Grk, as essential for the interaction with Cni. This observation may explain the specificity of the physical and functional interactions of Cni proteins with TGF␣ family proteins, and raises the possibility that other EGF repeat proteins, such as Notch proteins, may interact with Cni as well. Although these observations illustrate a conserved function of Drosophila and human cornichon proteins, Axl2, whose transport requires Erv14, does not have an EGF repeat. Thus, structural ectodomain features that are not obvious by sequence comparison may mediate the interaction with cornichon proteins and extend the selectivity for cornichon interactions.
Our results also provide insight into the mechanism whereby Cni regulates transport of Grk and other TGF␣ family proteins (Fig. 8) . Previous results showed that in the absence Cni, Grk is not transported to the plasma membrane, suggesting a role for Cni as a cargo receptor (Bokel et al., 2006) . Our results suggest that cornichon additionally has a retention function, i.e. that it might help retain TGF␣ family proteins in the ER as a way of regulating transit into the Golgi. Thus, an increase in Cni level results in retention of unprocessed Grk in the ER. Accordingly, increased CNIH levels enhance the levels of immature TGF␣ and decrease TGF␣ processing and cell surface presentation. Expression of CNIH in HeLa cells also increased the retention of TGF␣, illustrating the conservation of cornichon function between Drosophila and mammalian cells. Retention of TGF␣ in the ER with increased CNIH expression was also apparent by immunofluorescence, showing colocalization of CNIH with increased TGF␣ staining. The observations that both increased cornichon levels and lack of cornichon result in a retention of immature TGF␣ family proteins suggest that cornichon is required in stoichiometric amounts. Similarly to cornichon, increased levels and siRNAmediated downregulation of Sec16, another protein at ER exit sites, also inhibits ER-to-Golgi transport (Watson et al., 2006) . We do not know whether the retention of TGF␣ proteins by increased cornichon levels occurs through inhibition of transport from the ER to the Golgi or by retrograde transport from the Golgi to the ER. However, the regulation of transport by cornichon proteins is likely to involve interaction of cornichon with the COPII complex, as suggested by our electron immunolocalization studies in S2 cells. Although we could not detect an interaction between Cni or CNIH and COPII proteins using a biochemical approach, deletion of the Cterminal cornichon segment, which in yeast interacts with COPII (Powers and Barlowe, 1998) , generates a protein that still interacts with TGF␣ but is defective for retention. We hypothesize that the C-terminal cornichon segment plays a key role in the ability of cornichon to regulate transport by interacting with the COPII complex in yeast, Drosophila and mammalian cells. Such conservation of function is consistent with the sequence conservation in that cornichon segment and explains why addition of the C-terminal Cni segment to the cytoplasmic domain of Grk partially rescues the defect in Grk transport in the absence of Cni (Bokel et al., 2006) .
The ability of cornichon to regulate the processing of TGF␣ family proteins also enables it to regulate the secretion of EGFR ligands. Increased cornichon expression inhibited the secretion of TGF␣ family ligands, Grk in the case of Cni and TGF␣ or amphiregulin in the case of CNIH. The decrease in the level of ligand secreted into the medium might be explained by decreased ligand processing and thus lower levels of transmembrane ligand that are subject to ectodomain shedding.
To better understand our observations in S2 cells, other components involved in Grk processing, such as Star and B-
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Rho, need to be considered. Star was shown to bring Grk from the ER to the Golgi and is involved in Grk secretion . It was also shown that Grk is cleaved by B-Rho, but whether this occurs in the ER, the Golgi or in between is a matter of debate Tsruya et al., 2002) . Our results strongly suggest that Grk processing occurs in the ER. Like Star, Cni has been proposed to function as a cargo receptor for Grk (Bokel et al., 2006) . Although their sequences are different, Star and Cni both require the ectodomain of TGF␣-like ligands for binding (Bokel et al., 2006; Tsruya et al., 2002) . However, Cni does not complement the absence of Star or vice versa.
In an effort to integrate our data with what has been reported about Grk processing and secretion, we envisage the following model (Fig. 8) . Cni interacts with Grk in the ER and brings it to COPII vesicles at ER exit sites, where Grk may come into contact with Star. Cni travels with Grk and Star to the Golgi, but returns to the ER. Grk continues through the pathway with Star to allow transport to the plasma membrane and secretion. This model accommodates both our results and those reported elsewhere. First, when Cni expression is knocked down, we expect accumulation of processed Grk because Cni is not present to regulate its transport to the Golgi. It is possible that In both Drosophila and vertebrates, cornichon interacts in the ER with TGF␣ family proteins, such as Grk in Drosophila and TGF␣ in mammals, and controls and is required for their transport from the ER into the Golgi. In Drosophila, Star and Rhomboid control the transport and cleavage of Grk to the cell surface. The late endosomal compartment that may be important for the activities of Rhomboid and Star is not shown. In vertebrates, no roles for Rhomboid or Star homologs in the transport or cleavage of TGF␣ family proteins have been characterized. Instead, the transmembrane metalloprotease TACE is known to cleave TGF␣ to release the soluble ectodomain, and this may primarily occur late during transport and at the cell surface. Other ADAM proteases may control the ectodomain release of other TGF␣ family proteins. The precise localization of proteins and timing of cleavage of TGF␣ remains to be better characterized and, as shown, is not meant to be definitive. the increase in processing could be due to unhindered access of B-Rho to Grk when Cni is not present. Thus, although Grk is processed, Cni is required for further transit and its absence results in the inability of Grk to be secreted efficiently, even in the presence of Star. Second, when Cni is in excess, Cni might not release Grk in the Golgi or not allow Star to bind, resulting in Grk returning to the ER with Cni. Excess Cni may also prevent Grk cleavage by B-Rho by preventing interaction of Grk with B-Rho in the ER. Third, when Star expression is knocked down, Cni can bring Grk into COPII vesicles for transport to the Golgi, but, without Star, Grk cannot proceed through the pathway. Further, in the absence of Star, Grk cleavage is inhibited, possibly because Grk remains bound to Cni and access of B-Rho is denied. Thus, Cni and Star are both needed for the transport and secretion of Grk. The elucidation of the precise role of each requires further investigation.
Materials and Methods
Complementation assays
pRS316-Erv14 and pRS316-Erv14-HA were described previously (Powers and Barlowe, 1998) . A yeast plasmid to express human HA-tagged CNIH was made by subcloning the coding sequence of CNIH from pRK5 into pRS316. The yeast strain BY4741 MAT␣ his3D1 leu2D0 lys2D0 ura3D0 (Brachmann et al., 1998 ) was disrupted at the Erv14 locus by inserting the kanamycin gene to create the ⌬erv14 strain.
Complementation assays were done as described previously (Powers and Barlowe, 1998) . Cells with six or more bud scars were examined for axial or nonaxial budding.
Cell culture and transfections
